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Abstract: In this study, a physics-based analytical method was proposed for the prediction of upper
surface roughness in laser powder bed fusion (LPBF). The temperature distribution and molten
pool shape in the melting process were first predicted by an analytical thermal model. The cap area
of the solidified molten pool was assumed to be half-elliptical. Based on this assumption and the
principle of mass conservation, the cap height and the specific profile of the cap area were obtained.
The transverse overlapping pattern of adjacent molten pools of upper layer was then obtained, with
given hatch space. The analytical expression of the top surface profile was obtained after putting
this overlapping pattern into a 2D coordinate system. The expression of surface roughness was
then derived as an explicit function of the process parameters and material properties, based on
the definition of surface roughness (Ra) in the sense of an arithmetic average. The predictions of
surface roughness were then compared with experimental measurements of 316L stainless steel
for validation and show acceptable agreement. In addition, the proposed model does not rely
on numerical iterations, which ensures its low computational cost. Thus, the proposed analytical
method can help understand the causes for roughness in LPBF and guide the optimization of process
conditions to fabricate products with good quality. The sensitivity of surface roughness to process
conditions was also investigated in this study.

Keywords: analytical model; surface roughness; laser powder bed fusion; molten pool size; heat
source model

1. Introduction

Laser powder bed fusion (LPBF) metal additive manufacturing has attracted sig-
nificant interest from academia and various industries due to its superior advantage in
fabricating complex products when compared with other traditional manufacturing meth-
ods [1]. However, there are still some challenges to have a good control of part quality
in LPBF, which hinders the wider application of this kind of manufacturing technique.
Surface roughness is a common process-induced defect in metal additive manufacturing
processes, which has significant detrimental effects on the mechanical performance of the
final products; although, high surface roughness is wanted in some special fields [2,3].
Therefore, an accurate and efficient tool to predict surface roughness is of great importance
for the optimization of process conditions and quality control in LPBF.

Researchers have employed experimental measurements, numerical simulations, and
analytical models to study the melting process and process-induced defects in metal addi-
tive manufacturing. There have been plenty of experimental studies about different aspects
of powder bed fusion process. To study the molten pool geometries in LPBF, researchers
employed scanning electron microscopy (SEM) to observe the surface morphology of the
single tracks [4] and used optical micrographs [4–6] to characterize the cross-sections of
molten pools. The molten pool length, width, depth, and height can be measured through
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analysis of the optical micrographs. For surface roughness investigations, Wang et al. [2]
used JB-8c type contact stylus roughness meter to measure the surface roughness of parts
in LPBF made of 316L stainless steel. The effects of energy density and laser remelting on
surface roughness were also studied. Calignano [7] employed a RTP80 roughness tester
to measure the surface roughness of parts made of AlSi10Mg in LPBF and found that the
surface roughness was mainly caused by process conditions. Mumtaz et al. [3] conducted
experiments to study the relationship between process conditions and the final top and side
surface roughness of thin wall structures fabricated by powder bed fusion. A Talysurf CLI
2000 apparatus was utilized to measure the surface roughness. Spierings et al. [8] employed
a Perthometer type S3P device to measure the surface quality of the parts manufactured by
selective laser melting process and investigated the influence of powder bed characteristics
on the surface roughness. Although experimental investigations have provided plenty of
valuable information for the study of metal additive manufacturing processes, the complex
experimental operations and expensive equipment hinder the wide application of these
experimental techniques.

To avoid the complex procedure and high cost of experimental equipment, researchers
have employed various numerical modeling methods to simulate the metal additive manu-
facturing processes and predict the temperature distribution [9–11], molten pool behavior
and shapes [11,12], common defects [13], etc. For investigations about surface morphol-
ogy, Feng et al. [14] developed a numerical modeling method to simulate the behavior of
molten pools and investigate the formation mechanism of the surface profile of overhang
structures in LPBF, which was based on the discrete element method and computational
fluid dynamics (CFD). Tang et al. [15] employed a CFD-based method to simulate the
humping phenomenon and surface morphology of single tracks in LPBF. The physical
principles controlling the humping formation were discussed. Although these numerical
modeling methods are convenient to conduct and can save the experimental cost, the low
computational efficiency is still a main disadvantage of this kind of technique.

Analytical modeling has been widely adopted by researchers as an acceptable alter-
native for the numerical simulations and experimental characterizations. It can avoid not
only the inconvenience and high cost to conduct experimental measurements but also the
high computational cost of numerical analyses. Researchers have developed plenty of
efficient analytical models to study different phenomena in metal additive manufacturing
processes, including the temperature distribution [16], molten pool size [17], lack-of-fusion
porosity [18,19], in situ and post-process distortion [20,21], etc. For the prediction of surface
morphology of molten tracks and surface roughness of printed parts, Yadroitsev et al. [22]
developed an analytical method to check the stability of a single track in LPBF. The instabil-
ity of the molten pools of single tracks will lead to the occurrence of a balling phenomenon,
which will detrimentally influence the surface quality of the final product. Wang et al. [2]
derived an analytical expression to calculate the surface roughness of the top surface in
LPBF, which was based on the simple assumption of semi-cylindrical molten tracks above
the previous layer. However, the method presented in that study could not correlate the
final surface roughness directly with process conditions and material properties. The
experimentally measured molten pool dimensions were the inputs of that method. To cal-
culate the surface roughness through that method, a researcher has to conduct plenty of
measurements of molten pool size, which is expensive and time-consuming.

This study developed a physics-based analytical modeling strategy to predict the
upper surface roughness in LPBF. Compared to previous studies, the proposed analytical
strategy can correlate the upper surface roughness directly with the process parameters
(laser power, scan speed, layer thickness, and hatch space), laser absorptivity, and material
properties. It does not rely on the inputs of experimental measurements, which will help the
researchers avoid expensive experiments. In addition, no finite element-based numerical
analyses are included in this modeling method, which ensure its high computational
efficiency. The following are the specific steps of the proposed strategy. The temperature
distribution and molten pool geometry in melting process were first predicted by a moving
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point heat source model. The cap area of the solidified molten pool was assumed to be
half-elliptical. The height of the solidified molten pool was then calculated based on the
principle of mass conservation. With the half-elliptical assumption, obtained molten pool
size, and given process conditions, the overlapping pattern of adjacent molten pool cross-
sections in the upper layer was obtained. After putting the overlapping pattern into a 2D
coordinate system, the analytical expression of the surface profile of the upper surface
was obtained. The surface roughness was then derived based on the surface profile and
definition of surface roughness (Ra). The predicted surface roughness under different
process conditions was validated against the experimental data of 316L stainless steel in
LPBF. The sensitivity of surface roughness to process parameters was discussed.

2. Analytical Modeling

A physics-based analytical modeling method was developed in this study to correlate
the upper surface roughness in LPBF directly with process parameters (such as laser
power, scan speed, layer thickness, hatch space) and material properties. A moving point
heat source solution for semi-infinite medium was first employed as a thermal model to
calculate the temperature profiles and molten pool shapes in the melting process, with
the laser power, scan velocity, and material properties as inputs. The illustration of the
liquid molten pool geometry during the melting process is shown in the top schematic of
Figure 1, which consists of a top portion and a bottom portion. The moving point heat
source model was proposed by Carslaw and Jaeger in [23] based on the assumptions of
temperature-independent material properties and steady state. Its closed-form solution
can be expressed as

θpoint(x, y, z) =
Pη

2πKR(Tm − T0)
exp

(
−V(R + x)

2κ

)
(1)

where P is the power of the laser beam, η represents the laser power absorptivity, V is the
scan speed of laser source, and R represents the distance of the calculated point to the laser
power source, which can be expressed as R2 = x2 + y2 + z2. Tm and T0 represent the melting
temperature of material and initial temperature, respectively. κ represents the thermal
diffusivity, and it can be determined using thermal conductivity K, density ρ, and specific
heat capacity c, based on the relationship κ = K/ρc. θpoint(x, y, z) = (T − T0)/(Tm − T0)
is the dimensionless temperature. x, y, z denote the coordinate system, with x direction as
the laser scanning direction, y direction as the transverse direction, and z direction as build
direction. After obtaining the temperature profiles in melting process, the width of powder
layer consumption W0, molten pool width W, and re-melted depth d were determined by
comparing the temperature distribution with the melting point of the material.

After solidification, due to the effects of surface tension, the shape of the molten
pool will change. The transverse cross-section of the solidified molten pool consists of a
cap area above the previous layer and a remelted area in the previous layer, as observed
in experiments [4]. The cap area is made of the newly melted powder layer, while the
remelted area is the remelted material in the previous layer or substrate. In this study, the
cap area is assumed to be half-elliptical, as shown in the bottom schematic of Figure 1,
which approximates most experimentally observed molten pool shapes [18]. Based on
the principle of mass conservation, the mass of the newly melted powder layer during
the melting process and after solidification will not change. In other words, the mass of
the newly melted powder layer during the melting process is the same as the mass of the
solidified cap. In this study, the powder packing densification is assumed to be 100%, and
the solidified cap is also assumed to have full density. Thus, due to mass conservation, the
area of the newly melted powder layer A1 is equal to the cap area A2. Then, based on the
area formula of half-ellipse, the cap height h (also called height of solidified molten pool)
was calculated as

h =
4A2

π·W (2)
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Figure 1. Illustration of the molten pool in melting process (top) and after solidification (bottom).
W0 represents the width of powder consumed band. W represents the molten pool width after
solidification. h denotes the cap height (molten pool height after solidification). L represents the layer
thickness. d denotes the re-melted depth.

The specific steps to derive the analytical expression of surface roughness are shown in
Figure 2. In Step 1, based on the values of predicted molten pool width W and calculated cap
height, the specific profile of the half-elliptical cap area was determined. The overlapping
pattern of adjacent tracks was then obtained by plotting multiple transverse cross-sections
of molten pools on a transverse cross-section of the upper layer, as shown in Step 2 of
Figure 2. The distance between two adjacent molten tracks is the value of hatch space.
Based on the geometrical relationships, the intersection height k of adjacent molten tracks
was then derived as

k =
2h
W
·

√(
W
2

)2
−
( s

2

)2
(3)

For uni-directional scanning strategy of LPBF, the surface profile of the upper layer
in the transverse direction (the direction that is perpendicular to the scanning direction)
will be a periodical undulation pattern, which means that the length and width of the parts
have no influence on the expression of the top surface profile. After putting the overlapping
pattern in a 2D coordinate system, the surface profile can be expressed as a function of the
coordinates. The height of the mean line of the surface profile was then derived, which can
be expressed as

c = 1
s ·
∫ s

0

2h
W
·

√(
W
2

)2
− (x− s

2 )
2

dx− k =
2h
sW
·
(

W2

8

(
arcsin

(
−s + 2x

W

)
+ 1

2 sin
(

2arcsin
(
−s + 2x

W

))))
|s0 − k (4)

It should be noted that the height of the mean line of a surface profile represents the
average height of the whole surface profile along a sampling length. In other words, the
surface profile in the sampling length is bisected by the mean line, and the areas above and
below the mean line are equal. Based on the definition of Ra value in [24,25], which is the
arithmetic average value of the absolute distance from the surface profile to the mean line
in the vertical direction, the expression of surface roughness was then derived as
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Ra =
1
s
·
∫ s

0
|y− c|dx =

1
s
·
∫ s

0

∣∣∣∣∣∣2h
W
·

√(
W
2

)2
− (x− s

2
)

2
− 1

s
·
∫ s

0
(

2h
W
·

√(
W
2

)2
− (x− s

2
)

2
)dx

∣∣∣∣∣∣dx (5)

In Equations (3)–(5) and Figure 2, h denotes the cap height, d denotes re-melted depth,
W represents the molten pool width, and s is the hatch space. k represents the intersection
height of adjacent melting tracks as measured from the base of the cap area. c represents
the height of mean line of the surface profile. y, z in Figure 2 represent the transverse
direction and build direction, respectively. It should be noted that Equations (4) and (5)
were calculated through the symbolic integration function in Matlab software.
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Figure 2. Steps to derive the analytical expression of surface roughness Ra. h denotes the cap height,
d denotes the re-melted depth, W represents the molten pool width, and s is the hatch space.
k represents the intersection height of adjacent melting tracks as measured from the base of the cap
area. c represents the height of mean line of the surface profile. y, z represent the transverse direction
and build direction, respectively.

3. Experimental Validation and Analysis

This study developed an analytical model to correlate the upper surface roughness
in LPBF with process conditions and material properties directly, without including any
finite element-based numerical methods. The predicted results of upper surface roughness
under various combinations of process conditions were validated against the experimental
measurements of 316L stainless steel reported in [2]. The material properties of SS 316L are
shown in Table 1. Thermal conductivity and heat capacity are assumed to be temperature-
independent in this study, as required by the basic assumptions of the moving point heat
source model. The laser power absorptivity employed in the modeling is 0.3, which was
reported in the literature [18]. It has been reported that laser absorptivity in LPBF is
influenced by many parameters, such as the characteristics of the laser source, properties of
the powder bed, and process conditions of LPBF [26]. The process parameters employed
in the modeling are shown in Table 2, including the laser power, scan speed, hatch space,
and energy density. The scanning strategy is uni-directional for this study. The initial
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temperature is 293 K. It should be noted that the energy density [6] E of each case was
defined as

E =
P

V × s× L
(6)

Table 1. Material properties of SS316L [18,27].

Name Symbol Value Unit

Density ρ 7800 kg/m3

Thermal conductivity K 14 W/(m·K)
Specific heat cp 460 J/(kg·K)

Melting point Tm 1678 K
Absorptivity η 0.3 1

Table 2. Validation of predicted results against experimental data. The layer thickness is 35 µm.

Case Power
(W)

Scan
Velocity
(mm/s)

Hatch
Space
(µm)

Energy
Density
(J/mm3)

Calculated
Molten

Pool
Width
(µm)

Calculated
Molten

Pool
Height
(µm)

Measured
Roughness
(µm) [2]

Predicted
Roughness

(µm)

Absolute
Percentage

Error
(%)

1 100 400 80 89.3 81 54 9.5 9.4 0.4
2 150 700 70 87.5 73 56 8.6 8.9 3.7
3 150 400 90 119.0 111 50 7.1 5.0 28.9
4 150 450 80 119.0 104 50 6.3 4.5 28.8
5 150 500 80 107.1 96 51 7.6 5.5 28.0
6 150 550 80 97.4 89 52 8.4 6.9 17.7
7 150 600 80 89.3 81 54 8.2 9.4 14.7
8 150 600 70 102.0 81 54 7.5 6.4 15.0

The temperature profiles during the melting process were first predicted using the
moving point heat source model. Figure 3 shows the temperature distribution of Case 5.
After comparing the temperature distribution with the melting temperature of the material,
the shapes of the molten pool in the melting process were then determined. For example,
the yellow portion in Figure 3 represents the transverse cross-section of the molten pool
for Case 5, in which the temperature is above the melting point. Based on the temperature
profiles and molten pool shapes, the width of the powder consumed band, molten pool
width after solidification, and the re-melted depth were obtained, as illustrated in Figure 3.
The surface roughness under different combinations of process conditions were then
calculated through Equations (3)–(5).

The comparison between predicted upper surface roughness and experimental results
is shown in Figure 4. It can be observed that the predictions have an acceptable agreement
with the experimental data. The sensitivity of surface roughness to scan speed and laser
power can be seen in Figure 5a,b, respectively. The surface roughness will increase with the
scan speed and decrease with laser power. When the other parameters are not changed,
increasing the scan speed or decreasing the laser power will decrease the energy density
and thus decrease the molten pool size, which will lead to a lower overlapping of molten
pools and higher surface roughness. The sensitivity of surface roughness to hatch space
is shown in Figure 5c. It can be observed from this figure that the surface roughness will
increase with hatch space. When the hatch space becomes larger, the overlapping between
adjacent melting tracks will decrease, which will lead to the lower intersection height k and
a higher surface roughness.
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Hatch space is 80 µm. Layer thickness is 35 µm. The yellow portion represents the molten pool
transverse cross-section. W0 represents the width of powder consumed band. W represents the
molten pool width after solidification. L represents the layer thickness. d denotes the remelted depth.
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Figure 4. Comparison between predicted and measured surface roughness Ra.

The presented analytical modelling strategy has shown its acceptable accuracy in
the prediction of surface roughness. In addition, the computational efficiency of the
proposed method is high because no iteration-based calculations are included in this
method. In future studies, the proposed modeling method can be improved by considering
more process parameters in LPBF, such as the laser spot size, atmosphere, and scanning
strategy. The laser spot size will affect the laser absorptivity [26], which will then affect
the molten pool geometries and finally affect the surface roughness. The oxygen in the
atmosphere will influence the formation of balling defects [28], which will lead to poor
surface quality of the final product in LPBF. When using a complex scanning strategy in
LPBF, the overlapping pattern of molten pools in multiple scan tracks and layers will be
more complex, and the proposed model needs to be improved to a 3D model to calculate
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three-dimensional surface texture (Sa). The consideration of these process parameters in
future models will increase the predictive accuracy and make the model more useful.
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of the final product in LPBF. When using a complex scanning strategy in LPBF, the over-

lapping pattern of molten pools in multiple scan tracks and layers will be more complex, 

and the proposed model needs to be improved to a 3D model to calculate three-dimen-

sional surface texture (Sa). The consideration of these process parameters in future models 

will increase the predictive accuracy and make the model more useful. 

  

Figure 5. Sensitivity analyses. (a) Sensitivity to scan speed. Laser power is 150 W. Hatch space is
80 µm. (b) Sensitivity to laser power. Scan speed is 400 mm/s. Hatch space is 80 µm. (c) Sensitivity
to hatch space. Laser power is 150 W. Scan speed is 400 mm/s. Layer thickness is 35 µm for all
sensitivity analyses.

4. Conclusions

In this study, a physics-based analytical modeling method was developed to predict
the upper surface roughness of parts made by laser powder bed fusion (LPBF) process.
A moving point heat source solution for semi-infinite medium was employed to calculate
the temperature profiles in the melting process. The molten pool width and newly melted
area of powder layer were obtained by comparing the temperature distribution with the
melting temperature of the material. The cross-sectional cap shape of a solidified melting
track was assumed to be half-elliptical. The molten pool height was then obtained based
on the principle of mass conservation. With the half-elliptical assumption and obtained
molten pool size, as well as process conditions, the overlapping pattern of multiple molten
pool cross-sections of adjacent melting tracks was determined. The analytical expression of
the overlapping pattern was obtained by putting it in a 2D coordinate system. Based on the
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overlapping pattern and the definition of surface roughness, the analytical expression of
upper surface roughness (Ra) was derived.

The predicted results of surface roughness under different combinations of process
conditions were compared with experimental measurements of 316L stainless steel to
validate the predictive accuracy of the proposed analytical model. The predicted results
show acceptable agreement with experimental data. From the sensitivity analyses, it can be
found that the upper surface roughness shows an increasing trend with hatch space and
scan speed, and a decreasing trend with laser power. The proposed analytical method in
this study does not include any numerical iterations, so it can work as an efficient prediction
tool for surface roughness in LPBF. In addition, the presented modeling method can be
a good basis for the future research of modeling techniques for additive manufacturing
processes.
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